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Abstract 26	  
The variability of stress resistance and lag time of single cells can have a big impact on the 27	  
growth and therefore on the probability of detecting bacteria in food. In this study, six strains 28	  
of Cronobacter spp. were subjected to heat (10 min at 55ºC), acid (2 h at pH 4) and 29	  
desiccation stress (2 days in sterile CaCO3) and single cell lag times were determined using 30	  
optical density measurements. Longest lag times were found after acid treatment (12.8 h for 31	  
strain E288). However, the effect on bacterial inactivation of the different stresses applied and 32	  
the change in lag times for each strain did not correlate for heat and acid stress. There was a 33	  
negative correlation for desiccation stress.  34	  
By simulating different scenarios of one cell in a sample experiencing inactivation and 35	  
increased lag time we showed that the detection of Cronobacter might fail because the 36	  
detection limit of the second selective enrichment in Cronobacter screening broth might not 37	  
be reached. In general, such simulations can help to visualize the effects of inactivation and 38	  
increased lag for a number of strains and thereby compare behaviour of these strains. 39	  
Keywords enrichment, sampling plan, strain variability, bacterial inactivation, powdered 40	  
infant formula 41	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1. Introduction 52	  
Various studies showed that bacterial cells react to different stresses with an extended lag 53	  
phase due to repair time (Smelt et al., 2002; Stephens et al., 1997). Dupont and Augustin 54	  
(2009) investigated the influence of diverse stress conditions common in the food industry on 55	  
the single cell growth probability and lag time distribution of Listeria monocytogenes. They 56	  
found an increase in mean and variability of lag times in injured cells. During lag phase 57	  
bacteria adapt to the new environmental conditions. This process includes the repair of 58	  
macromolecular damage accumulated during stationary phase (or other stresses) and the 59	  
synthesis of cellular components that are necessary for growth (Dukan and Nystrom, 1998).  60	  
The mean-value of single-cell lag times is not automatically equal to the population lag time 61	  
and the lag time of the population does not necessarily give information on the variability of 62	  
the single-cell lag time in a population (D`Arrigo et al., 2006) Therefore, knowledge about 63	  
single cell lag time is critical in view of the detection probability in products with very low 64	  
contamination levels. Experiments with single cells have given the opportunity to investigate 65	  
the environmental effects of the distribution of lag times of single cells (Pin and Baranyi, 66	  
2008). One way to inoculate every well with approximately one cell is by serial dilution. With 67	  
time-to-detection information obtained from OD measurements, lag time can be calculated if 68	  
the cell concentration at the detection level and specific growth rate is accurately known 69	  
(Dupont and Augustin, 2009; Guillier et al., 2005).  70	  
There are studies describing the influence of stress factors on single cells of Listeria 71	  
monocytogenes, Lactobacillus and E. coli (Gnanou Besse et al., 2000; Li et al., 2006; Smelt et 72	  
al., 2002). However, studies analysing the influence of stress on different species and strains 73	  
of Cronobacter are scarce and often obtained from predictive modelling (Miled Bennour et 74	  
al., 2011; Xu et al., 2015). In this study we describe the influence of stress factors relevant to 75	  
powdered infant formula (PIF) production and reconstitution on bacterial inactivation and lag 76	  
 4 
time of Cronobacter spp. single cells from different species, aiming to show the impact on the 77	  
probability of detection in different scenarios. 78	  
 79	  
2. Materials and Methods 80	  
2.1. Strains 81	  
Six strains of different Cronobacter species were chosen for the experiments (Table 1). 82	  
The strains were chosen to represent the variability of different species of Cronobacter. 83	  
Working cultures were made from frozen stocks (BHI (Oxoid CM1135, Basingstoke, United 84	  
Kingdom) with 20% glycerol) and maintained on blood agar plates (Difco Columbia blood 85	  
agar base, 5% sheep blood, Oxoid) at 4±	  1°C.	  	  86	  
 87	  
2.2. Stress application 88	  
Heat stress: 1 ml of an overnight culture grown in brain heart infusion broth (BHI, Oxoid), 89	  
with a concentration of ca. 109 cfu/ml, was added to 9 ml buffered peptone water preheated to 90	  
55ºC in a water bath and incubated for 10 min. Afterwards, the culture was diluted to single 91	  
cell level in cold BPW to stop the heat exposure and added to the wells of a 96 well plate. 92	  
This stressed culture was also diluted in 0.9% saline and plated on TSA to determine cfu 93	  
counts. Cell counts of each overnight culture were determined by plate counting on TSA. 94	  
 95	  
Acid stress: 1.5 ml of an overnight culture grown in BHI was centrifuged at 13,000 x g for 10 96	  
min. The supernatant was discarded and the pellet was resuspended in 1.5 ml LB broth 97	  
(Oxoid) adapted to pH 4.0 with lactic acid. The suspension was incubated at room 98	  
temperature for 2 h and diluted to single cell level in BPW (pH=7) and added to the wells of a 99	  
96 well plate. The stressed culture was also diluted in 0.9% saline and plated on TSA to 100	  
determine cfu counts. 101	  
 102	  
 5 
Desiccation stress: Desiccation stress was applied as described previously (Margot et al., 103	  
2015). Briefly, 30 ml of a BHI overnight culture were centrifuged for at 3,200 x g for 12 min. 104	  
The supernatant was discarded and the pellet mixed with small amounts of sterile CaCO3 until 105	  
a final amount of 15g was achieved. The powder was stored in a desiccator with silica gel for 106	  
two days before the experiment. The stressed culture was diluted in 0.9% saline and plated on 107	  
TSA to determined cfu counts before and after two days of storage in the desiccator. The 108	  
powder was also diluted in BPW to reach the desired inoculum in the 96 well plate. 109	  
 110	  
2.3. Population growth rate 111	  
The population growth rates were determined as follows. Serial dilutions were performed in 112	  
BPW in order to obtain 102 -103 cfu/ml. The samples were incubated with agitation for 24 h at 113	  
37ºC. 100 µl samples were removed periodically for 24 h and spread plated on TSA plates. 114	  
The plates were incubated at 37ºC for 24 h. The growth rate was calculated using ComBase 115	  
DMfit software (United States Department of Agriculture). Since bacterial counts were in 116	  
log10 cfu/g, the maximum growth rate as determined by DMfit was in log10 cfu/ml/h. 117	  
Therefore the values were converted to maximum specific growth rate (1/h) by multiplying by 118	  
ln (10). The experiment was performed in three independent experiments.  119	  
 120	  
 121	  
2.4. Optical density calibration curve 122	  
In order to determine Nd, the cell concentration corresponding to an OD of 0.50, a diluted 123	  
overnight culture of each strain was incubated in the BioTek (Bio Tek, Luzern, Switzerland) 124	  
instrument with agitation and the OD was recorded at 37ºC and OD600nm every 10 min. 100 µl 125	  
samples were taken just after each OD measurement and plated on TSA. The cell 126	  
concentration corresponding to an OD of 0.50 was NE151 = 8.0 log cfu/ml, NE288 = 7.4 log 127	  
 6 
cfu/ml, NE465 = 7.9 log cfu/ml, NE681 = 7.5 log cfu/ml, NE688 = 7.5 log cfu/ml NE776 = 7.7 log 128	  
cfu/ml.  129	  
 130	  
2.5. Determination of single cell lag times  131	  
Cultures of stressed cells were diluted in BPW in order to reach a maximum concentration of 132	  
2.1 cfu/ml in the final dilution. Cells without application of stress were revived from frozen 133	  
stocks, cultured in BPW for 24 h at 37ºC and diluted in BPW to the same level. The wells of a 134	  
96-well plate were inoculated with 200 µl of this suspension to obtain a target value of 0.42 135	  
cfu/well. Assuming a Poisson distribution of the cells in the wells, a maximum concentration 136	  
of 0.42 cell/well should correspond to 34% of the wells showing growth (Francois et al., 137	  
2003). By estimation, less than 20% of the wells showing growth should contain more than 1 138	  
cell. 96-well plates were incubated in the BioTek reader for 24 h at 37ºC with shaking. OD at 139	  
600nm was measured every 10 min. A minimum of three independent replications per 140	  
experimental set-up was performed to obtain approx. 80 lag time values total per strain and 141	  
stress factor. The time to detection in each well (time to reach an OD of 0.50) was calculated 142	  
for each experiment with Microsoft Excel. Individual cell lag times were estimated from time 143	  
to detection data according to protocols by Dupont and Augustin (2009) and Guillier et al. 144	  
(2005).  Assuming an exponential bacterial growth at a constant specific growth rate (µ) until 145	  
the detection time, Td is related to the lag time of the culture with N0 cells (in this case 1 cell 146	  
in 200 µl) (lag) by the following formula proposed by Baranyi and Pin (1999):  147	  
lag	  =	  Td-­‐	  (ln (Nd )- ln (N0)) / µ 148	  
The distribution of the individual lag times should be reflected by the distribution of the 149	  
detection times when N0=1 (Metris et al., 2003).  150	  
 151	  
 152	  
2.6. Simulating the impact of sublethal stress on the lag time and growth of single cells 153	  
 7 
The growth of a single Cronobacter cell in an enrichment of 100 ml was simulated taking into 154	  
account the population growth rate and the bacterial inactivation caused by stress, which was 155	  
determined for each strain. Both the minimum, maximum and mean individual lag time 156	  
determined in this study was included in the simulation to visualize the effect on the final cell 157	  
counts. The probability of detection of six Cronobacter strains was calculated taking into 158	  
account the final cell counts. The growth limit was set at 109 cfu/ml because this is the cell 159	  
count at which stationary phase is usually reached.  160	  
 161	  
3. Results and Discussion 162	  
3.1 Population growth rates  163	  
The following specific growth rates were determined at 37ºC in BPW: 164	  
E151: 1.94± 0.09 h-1; E288: 1.88± 0.29 h-1; E465: 2.21± 0.07 h-1, E681: 1.89± 0.23 h-1;  165	  
E688: 1.89± 0.09 h-1; E776: 1.83± 0.44 h-1. In literature, growth rates of Cronobacter spp. 166	  
determined at 37ºC range from 1.80 h-1 to 2.72 h-1 in BHI (Miled Bennour et al., 2011) and 167	  
from 1.32 h-1 to 2.89 h-1 in PIF (Kandhai et al., 2006). The great variation can be caused by 168	  
various factors as e.g. different growth media, incubation temperatures and species/strain used 169	  
(Swinnen et al., 2004). In this study, growth rates were determined in BPW, which is a 170	  
medium less rich than BHI and reconstituted infant formula. Still, growth rate data are within 171	  
ranges as given in literature. BPW was chosen because it is prescribed in the ISO method for 172	  
the non-selective enrichment of Cronobacter spp. Differences in growth rates between studies 173	  
can also be explained by the method that was applied to determine the growth rate. Miled 174	  
Bennour et al. (2010) used OD measurements for this purpose and obtained values of 1.72 to 175	  
2.34 h-1, whereas the values mentioned above were determined by plate counts. The correct 176	  
estimation of the growth rate has a significant effect on the determination of lag time (Aguirre 177	  
et al., 2014). 178	  
 179	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 180	  
3.2 Distributions of single cell lag time 181	  
Distributions of single cell lag times for each strain after exposure to desiccation, acid and 182	  
heat stress are shown in Figure 1. For the different strains, distribution of lag times varied 183	  
greatly. Whereas for strains E151, E465, E681 and E688, lag times are close, values obtained 184	  
with E288 and E776 are clearly separated. Lag times after heat stress seemed to be less 185	  
scattered for strains E151, E288 and E465. Other authors described the effect of stress factors 186	  
like pH and temperature on single cell lag time and its distribution (Francois et al., 2003; 187	  
Metris et al., 2003; Smelt et al., 2002). The common finding was that increasing intensity of 188	  
stress treatment lengthened lag time and increased lag time variability. Using OD 189	  
measurements to determine bacterial lag times is not always considered to be ideal because 190	  
variation in bacterial cell size and inaccurate biomass detection can result in misleading data 191	  
(Rolfe et al., 2012). In addition, turbidity measurements have very high detection limits, 192	  
which limit the range in which data are accurately obtained. However, single cell lag time 193	  
cannot be deduced from population lag and large quantities of replicate measurements are 194	  
needed. Due to these reasons, viable counting cannot be used. Another method circumventing 195	  
the above-mentioned limitations was described by Elfwing et al. (2004). With the use of a 196	  
flow chamber in which the cells are attached to a solid surface the divisions of single cells and 197	  
the distribution of lag times can be monitored.  198	  
 199	  
 200	  
3.3 Correlation of lag times and inactivation 201	  
Both single cell lag time and log inactivation by stress are shown in Figure 2. Mean lag times 202	  
per strain after acid stress were between 2.7 and 9.5 h. Mean inactivation values were between 203	  
1.9 and 4.0 log. When treated with elevated temperature, mean lag times were between 0.8 204	  
and 4.3 h. Mean inactivation was between 3.0 and 4.1 log cfu/ml. Desiccation stressed cells 205	  
 9 
showed mean lag times reaching from 0.6 to 4.5 h. Mean inactivation values were between 206	  
2.3 and 4.2 log.. Mean lag time for all strains was 5.0 h after acid stress, 2.5 h after heat stress 207	  
and 2.7 h after desiccation stress. Mean log inactivation was 2.9 log after acid stress, 3.5 log 208	  
after heat stress and 3.3 log after desiccation stress. Conclusively, acid stress did cause the 209	  
longest lag times when at the same time inactivation was similar for all stress factors. The 210	  
data suggest that lag times of cells are not correlated to inactivation for heat and acid stress 211	  
(Pearson`s correlation coefficient of 0.09 and  -0.25, respectively). There was a very strong 212	  
negative correlation for desiccation stress (Pearson`s correlation coefficient of -0.87). In 213	  
addition, we showed that some strains can be more resistant to a certain stress factor and on 214	  
the other hand have pronounced sensitivity for a different stress. Guillier et al. (2005) 215	  
measured lag times of Listeria monocytogenes after treatment with 9 stresses that all caused 216	  
an inactivation of 1.5 log cfu/ml. Even though inactivation was identical, length of lag varied 217	  
significantly (2.1 h – 16.1 h). Inactivation of Cronobacter spp. by drying was determined by 218	  
Dancer et al. (2009). They found that cells dried in TSB experienced an inactivation between 219	  
0.8 and 1.5 log after 3 days, values were lower when cells were desiccated in infant formula 220	  
(0.5-1.3 log). Caubilla-Barron et al. (2004) studied the desiccation resistance of Cronobacter 221	  
spp. in freeze- and air-dried infant formula and found a 2.0 log decrease. Gurtler and Beuchat 222	  
(2005) investigated the heat resistance of four Cronobacter spp. strains and found inactivation 223	  
of 0.4 to 1.9 log cfu/ml after 5 min at 55ºC. These values are close to the ones obtained in this 224	  
work when the values are extrapolated to 10 min heat treatment (0.8-3.8 for Gurtler and 225	  
Beuchat (2005) and 3.0-4.1 for our results). Xu et al. (2015) found population lag times of 226	  
Cronobacter turicensis of 6.2 h of heat treated cells incubated at 22ºC. Individual lag times of 227	  
Cronobacter at 37ºC had a mean of 4.5 h for 12 fitted shape parameters and population lag 228	  
times between 2.25 and 3.71 h. Kandhai et al. (2006) estimated population lag times of 1.7± 229	  
0.4 h of Cronobacter spp. in reconstituted infant formula at 37ºC. Cronobacter spp. has the 230	  
ability to survive under dry conditions when compared to other Enterobacteriaceae. The 231	  
 10 
desiccation tolerance of Cronobacter spp. increases its competitive advantage in production 232	  
facilities and is an explanation for the contamination of infant formula (Breeuwer et al., 233	  
2003). It was shown that the thermal tolerance varies between strains, which is confirmed by 234	  
our data (Nazarowec-White and Farber, 1997). The disparity between the different 235	  
Cronobacter species and strains and the resulting variance in stress resistance and lag time 236	  
presents a great challenge. Therefore, the collection of data, covering a wide selection of 237	  
strains, should be the main focus of research activity.   238	  
 239	  
3.4 Simulating the impact of sublethal stress on the lag time and growth of single cells and 240	  
their detection 241	  
In order to visualize the effect of an increased lag time due to stress encountered during food 242	  
production, different scenarios with desiccated cells were simulated (Figure 3). Desiccation 243	  
stress was chosen, as it is the most relevant stress on Cronobacter along the powdered infant 244	  
formula production line. The inactivation has an impact on the probability of the presence of a 245	  
viable cell in the sample. Simulations take into account the maximum specific growth rate of 246	  
each strain and mean individual lag time. The simulation is based on the assumed presence of 247	  
1 cell in a sample of 10 g diluted in 100 ml enrichment medium.  248	  
This simulation shows that after an incubation of 18 h, cell counts will for some Cronobacter 249	  
strains remain at a very low level if the maximum lag time is assumed. Cell counts of strain 250	  
E288 will remain below 4 log cfu/ml when the maximum lag time is anticipated. When the 251	  
“worst case” scenario was simulated, a single cell of Cronobacter E151 with a maximum lag 252	  
of 9.7 h (as determined) would have grown to 4.99 log cfu/ml after a 18 h incubation. In the 253	  
standard detection method for the detection of Cronobacter spp. from infant formula, 10g of 254	  
powder are enriched in BPW for 18± 2 h at 37ºC. Afterwards, 0.1 ml is transferred into the 255	  
selective broth CSB (Cronobacter screening broth). According to Iversen et al. (2008), 104 256	  
cfu/ml in the enrichment are required for the slowest growing strain to change the colour of 257	  
 11 
CSB, which is based on the fermentation of sucrose. The time to reach this level starting from 258	  
a concentration of 0.01 cfu/ml (6 log cfu/ml increase) is shown in Table 2. According to these 259	  
values, the enrichment time of 18± 2 h is sufficient to reach the required concentration if the 260	  
mean lag time is assumed. For strain E288 this is not the case if the longest lag time is 261	  
occurring. Therefore, an extended recovery period will not have a great effect on detection in 262	  
most cases, but in specific situations it might result in a false negative.  263	  
The probability of detecting a positive sample was calculated assuming different 264	  
contamination rates and sampling plans (Figure 4). The fraction of positive samples of 0.11 265	  
for a 10g sample size was used for the calculation as determined by Jongenburger et al. 266	  
(2011), who sampled a contaminated batch of powdered infant formula. The influence of 267	  
increasing the number of samples on the probability of detection was simulated in 268	  
dependency of the contamination rate. The scenarios show that with an increased number of 269	  
samples the probability to detect a positive sample with a contamination rate of 0.11 is 270	  
increased from 0.69 to 0.997. On the other hand it is shown that at very low contamination 271	  
levels, 250 samples would be necessary to achieve a comparable probability of detection (P= 272	  
0.92).  273	  
Miled Bennour et al. (2011) estimated the probability of detecting Cronobacter with CSB 274	  
with either 1 or 3 cells in a 10g sample. In case a 10g sample was contaminated with only 1 275	  
cell, the probability of detection would be 0.212± 0.019 according to them. This means that of 276	  
100 samples of 10g, each contaminated with 1 cell of Cronobacter, only 20 would be 277	  
detected. The simulation of different scenarios can visualize the effect of an extended lag time 278	  
if the contamination level is very low. The literature shows that levels of Cronobacter spp. 279	  
found in powdered infant formula were between -3.84± 0.696 log cfu/g  (Jongenburger et al., 280	  
2011). Therefore, our simulation shows a realistic situation for the detection of Cronobacter 281	  
spp. from powdered formula. Growth rates determined in pure BPW might be lower than in 282	  
the actual sample containing infant formula, where more nutrients are vitamins available to 283	  
 12 
the bacteria. However, growth rates determined in BPW did not differ considerably from 284	  
literature data obtained in diluted PIF. Even though bacterial counts in PIF are usually very 285	  
low, it is not a sterile product. The background flora growing during the enrichment, can 286	  
reduce the outgrowth of Cronobacter before the end of incubation due to depletion of 287	  
nutrients or accumulation of toxic compounds in the medium. This was shown by Miled 288	  
Bennour et al. (2011), who simulated the growth of Cronobacter in a 10g and 100g sample in 289	  
the presence of the background flora.  290	  
 291	  
 292	  
4 Conclusion 293	  
The variability of lag time of individual cells following exposure to stress can have an impact 294	  
on the growth and detection of bacteria. This is even more important in conditions of very low 295	  
contamination levels of a product (Guillier and Augustin, 2006) since stressed single cells 296	  
might be missed during detection due to an increased lag time.  297	  
The aim of this study was to show the influence of inactivation by stress and an increased lag 298	  
time on the detection probability of single Cronobacter cells.  299	  
The presented data demonstrate that the Cronobacter strains chosen for this study displayed 300	  
great variation in lag time and stress resistance. The duration of lag time was highest after 301	  
acid stress and did not correlate to stress resistance for heat and acid stress. By considering 302	  
different scenarios of one cell in a sample experiencing inactivation due to desiccation and 303	  
increased lag time, we showed that the detection of Cronobacter might fail because the 304	  
detection limit of the second selective enrichment might not be reached. However, this was 305	  
only the case for one strain.  If the incubation time would be set at 21 h, also for this strain 306	  
even at the highest found individual lag time a sufficient level would be reached. It was 307	  
shown that the number of samples taken did have a very large effect on detection probability, 308	  
 13 
especially at low contamination rates. Therefore increasing the number of samples is also a 309	  
suitable strategy to improve detection.  310	  
In general, such simulations can help to visualize the effects of inactivation and increased lag 311	  
for a number of strains and thereby compare their behaviour.  312	  
In future studies, data considering also growth experiments with the product should be 313	  
collected to respect also the influence of the product and of the background flora.  314	  
 315	  
 316	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